Low-frequency noise characteristics of high power near ultraviolet light-emitting diodes (LEDs) with peak radiative wavelengths in a range of 380-410 nm are investigated in a temperature interval of 110-293 K. The defect-assisted tunnelling current component has been observed in some 380 nm peak wavelength samples with corresponding Lorentzian-type electrical noise spectra. Other samples (with a peak wavelength of 390-410 nm) have mainly 1/f α -type electrical fluctuations. Cross-correlation coefficient analysis between electrical and optical fluctuations has been performed in order to evaluate whether the observed defect levels, responsible for additional generation-recombination (g-r) noise components in LEDs noise spectra, are related to the active layer or to the peripheral area of the device. Activation energies of these g-r centres have been also evaluated using g-r noise spectroscopy.
Introduction
Due to numerous advantages, such as a small size and increased efficiency, ultraviolet (UV) lightemitting diodes (LEDs) have gained a lot of demand for applications in UV lighting, as light sources for microscopes and for chemical excitation in medicine and biotechnology, for sterilization and disinfection, for banknote identification, counterfeit detection, etc. [1] [2] [3] . For the fabrication of near UV (300-400 nm) light-emitting diodes [1] , the InGaN material system is of a high importance. It is well known that non-uniformities in the indium concentration in InGaN/GaN quantum wells (QWs) create localized states which are responsible for the effective radiative recombination [4, 5] . However, near UV LEDs contain less indium, and this results in a lower radiative efficiency and, at the same time, in an increased impact of threading dislocations on the overall performance of the UV emitter [3, 6] .
Low-frequency excess noise is very sensitive for defectiveness and fabrication imperfections of semiconductor devices. Usually, the level of electrical 1/f-type fluctuations (flicker noise) of LEDs is much higher than the level of shot noise or thermal noise in the low-frequency region (up to 10 MHz for modern devices) [7] . In some cases, when generation-recombination (g-r) noise with the Lorentzian-type spectrum is observed, it helps one to identify the energy levels of localized centres. 1/f-type fluctuations not only characterize the quality of the semiconductor crystal, but also the dependence of noise spectral density on the current reveals information about the current flowing through the sample paths. For InGaN material system based devices, which suffer from a high density of defects, this investigation is crucial [8] [9] [10] [11] . What is more, for the characterization of optoelectronic devices, e. g. LEDs or laser diodes (LDs), it is important to identify the location of noise sources in the structure. This would allow one to discover the relation between the lowfrequency noise characteristics and the indium amount in QWs that determines the emission wavelength in near UV LEDs. However, the presence of additional noise sources in the LED peripheral area usually aggravates this analysis. In our previous works [11, 12] it has been demonstrated that the cross-correlation analysis between electrical and optical fluctuations together with the evaluation of other electrical, e. g. currentvoltage (I-U), characteristics is a powerful tool for the characterization of green and white LEDs. The ability to determine the location of noise sources in LDs or LEDs when measurements are performed under the normal bias condition near the equilibrium state makes the low-frequency noise and cross-correlation analysis method highly attractive.
Despite the fact that near UV LEDs with a sufficiently high external quantum efficiency have been already demonstrated [1] , their low-frequency noise has not been studied enough [13] . The impact of fluctuation origins and defects that are present in the structure on the LED conduction mechanism and overall performance still needs to be researched in a more detailed way. The aim of this work is not only to investigate the low-frequency noise characteristics of the near UV LEDs, but also to identify the location of the sources of Lorentzian-type fluctuations in the near UV LEDs of different emission wavelength using cross-correlation analysis between the electrical and optical fluctuations.
Experimental details and investigated devices
Low-frequency noise characteristics such as electrical noise -the terminal voltage fluctuations of LED (10 Hz-100 kHz), optical noise -fluctuations of the emitted light power detected by a UV-blue pin photodiode (10 Hz-20 kHz), and the cross-correlation between electrical and optical fluctuations (10 Hz-20 kHz) were measured under constant current operation at the forward bias at room temperature (RT). When generation-recombination noise spectroscopy was performed, cooling by liquid nitrogen was used and measurements were performed in a temperature interval of 110-293 K. For the measurement of current-voltage characteristics a precision source/ measure unit Keysight B2901 was used. Emitted light spectra were registered by an optical spectrum analyzer Advantest Q8341. A detailed noise measurement scheme can be found in our previous work [11] .
The investigated high power (~1 W) InGaNbased near UV LEDs are summarized in Table 1 .
The light output power characteristics and optical spectra of the investigated LEDs are presented in Fig. 1 . The measurements show that the LEDs with the highest amount of In in QWs and, therefore, the largest wavelength (group D) have the most symmetrical optical spectrum ( Fig. 1(a) ), while the samples with the lowest amount of In and the shortest wavelength (group A) have the lowest light output power ( Fig. 1(b) ). 
Results and discussion

Analysis of the tunnelling current component
For the analysis of the electrical characteristics of InGaN-based LEDs, the determination of the conduction mechanism is very important [6, [14] [15] [16] [17] [18] and it also broadens the interpretation of low-frequency fluctuations.
As presented in Fig. 2 , the I-U characteristic of particular LEDs from the group A (AI curve) differs from that of the remaining samples from this group (AII curve) and from other diodes of groups B-D. For the evaluation of the LED conduction process, the method described in [14] and [16] was used. The I-U relation for the tunnelling through defects is expressed as
where I is the forward current, P has a meaning of the tunnelling probability between defects, which is temperature independent, and E is the electric field [14] . Thus, for only tunnelling current component existence, the log(I/U 2 ) dependence on 1/U should be linear and the characteristic energy E T = nkT in the I-U relation I = I 0 exp(qU/E T ) should be temperature independent. Here I 0 is the saturation current of the diode, q is the elementary charge, n is the non-ideality coefficient, and k is the Boltzmann constant. The energy E T reflects the transparency of the energy barrier for the tunnelling process [14, 17] . The described procedure has been applied to the characteristics of the LEDs under investigation. The I-U curves of the AI sample at different temper- atures are presented in Fig. 3 , and the linear log(I/U 2 ) vs 1/U dependences are also depicted in Fig. 4(a) . The characteristic energy E T of the particular LEDs
from the group A has been found to be higher than that of the samples from other investigated groups, e. g. ~100 meV (for AI) in comparison to ~60 meV (for B) at RT in a low bias regime (up to ~2.7 V). Other samples of the A family, group C and D LEDs have similar E T dependences on temperature as the group B sample presented in Fig. 4(b) . The variation of the characteristic energy E T with temperature for the AI LED is weaker compared to, for example, that of the group B sample. High E T indicates the high non-ideality factor of I-U relation (n ≈ 4 at RT) of the diode, also suggesting that some LEDs of the group A have a dominant tunnelling current component at a low bias [14] . At higher bias the conduction is mixed of diffusion, recombination and tunnelling processes. No clear tunnelling current component has been observed in the samples of families B-D at a low bias.
The obtained results suggest that the quality of some samples from the group A is lower, i.e. they have a higher density of defects mainly such as threading dislocations and defects in the vicinity of them. This would allow one to explain the tunnelling process through the deep trap levels [17] . However, further analysis is needed to conclude this, thus, low-frequency noise investigation has been performed. Here in the group A the samples with the observed tunnelling component are denoted as AI, and LEDs without it as AII.
Noise characteristics
The electrical noise spectra of the investigated LEDs are presented in Figs. 5 and 6. Lorentziantype fluctuations (with a small 1/f α noise component up to ~1 kHz) in the whole investigated forward current region were observed only in the AI LEDs noise spectra ( Fig. 5(a) ). Such type noise spectrum usually indicates the presence of a discrete generation-recombination (g-r) centre in the device. The trapping level with shorter than ~1.6 μs effective relaxation time (1/τ = 1/τ e + 1/ τ c , where τ c and τ e are the average charge carrier capture and emission times from the defect level, respectively [19] ) is responsible for the observed Lorentzian-type noise spectra. Regarding the fact that g-r noise is also observed at a low bias for AI LEDs, it can be stated that the observed trapping level acts as an intermediate state for the tunnelling charge carriers [6] . Thus, the tunnelling process in these AI samples can be considered as defect-assisted. Figure 1(b) , where the emitted light power characteristics for the samples of groups A and D are compared in log scales, confirms the idea of a high defectiveness of AI LEDs. The radiated optical power is proportional to the forward current as U opt ~ I r [16] , where the parameter r > 2 for AI LEDs in a wide current interval up to ~20 mA and 1 < r < 2 for the D samples in a narrower interval (up to ~ 1 mA). In the case of AI LED a higher value of the parameter r shows that the density of defects is higher in these devices compared to, for example, that of the group D LED ( Fig. 1(b) ). These defects act as non-radiative recombination centres and effectively lower the radiative efficiency of the device [6, 16] . The noise spectra of the AII and group B-D samples are characterized by 1/f α -type electrical fluctuations ( Fig. 5) up to the forward current value where the series resistance-limited current arises.
As known, in semiconductor devices 1/f α -type fluctuations originate as a result of the superposition of Lorentzian-type spectra due to different capture and emission processes of charge carriers in defects with a very wide distribution of relaxation times [20, 21] . The series resistance-limited current tends to dominate at about 100 mA for the AII LEDs and for the samples of groups B-D at 5-50 mA. While it is hard to determine these values from the I-U characteristics accurately (Fig. 2) , the dependences of electrical noise spectral density on the forward current clearly indicate that (Fig. 7) . The series resistance R s is mainly caused by resistances of contacts and highly doped n + and p layers. Thus, when the differential resistance of the LED reaches the serial resistance (R diff ≈ R s ), the electrical noise starts to increase ( Fig. 7) . In the forward current range, where the voltage fluctuation spectral density decreases, the differential resistance of the diode R diff ~ 1/I, and for 1/f α -type electrical fluctuations the current noise spectral density for the pn junction is proportional to the forward current: S I ~ I [22] . This leads to the relation S U ~ S I · R 2 diff ~ 1/I. Such observed 'V'-shape dependences of voltage fluctuation spectral densities on the forward current are similar as for a phosphor-converted white LED with a 'blue' InGaN chip [11] . There only AI samples are distinguished by apparently higher noise level in a low current regime (up to ~1 mA, Fig. 7(a) ) due to a high defectiveness as discussed earlier.
For the samples of groups B-D the voltage fluctuation spectral density increase that starts in a current interval of 5-50 mA is followed by the Lorentzian-type noise spectra appearance ( Fig. 6(a) ). An example of the normalized electrical noise spectra (S U el f) of the group B LED at different temperatures is presented in Fig. 6(b) . There noise peaks fulfil the condition 2πf 0 τ = 1, where f 0 is the characteristic frequency of the spectrum maximum and τ is the effective relaxation time (τ ≈ 8 μs at RT). In a temperature interval of 170-293 K the noise maximum S U el f position is practically independent of the temperature. This means that the Fermi level is bound to the accumulation of defect levels. It is assumed that these g-r centres or interface states responsible for the mentioned fluctuations are located in the passive area of LED in highly doped n + or p layers as the flowing current through the specimen is restricted by series resistance. In the interval of lower temperatures, the relaxation time dependence on temperature has been observed and the activation energy E a of the responsible g-r process has been evaluated by the equation τ = τ 0 exp(E a / kT) (the inset in Fig. 6(b) ). The activation energy is determined to be in a range of 0.03-0.045 eV for different B-D samples. The appearance of the g-r noise component in the experiment for AII LEDs has been practically unnoticeable as R diff reaches R s at higher currents I > 100 mA ( Fig. 7(a) ). Another g-r centre with ~0.19 eV activation energy has been identified in some samples of the group B in the 0.5-10 mA current region. The normalized electrical noise spectra of such LED at different temperatures are presented in Fig. 8 . In the case of the group B sample the effective relaxation time (τ ≈ 0.2 ms at RT) is longer and the electrical noise level is also lower than in the case of AI LEDs, so it is expected that a different defect level is responsible for the observed Lorentzian-type fluctuations. For the verification of the discussed location of g-r noise sources, cross-correlation analysis between electrical and optical fluctuations has been performed and it is presented in the next subsection.
Cross-correlation coefficient between electrical and optical fluctuations
The cross-correlation measurement between electrical and optical noise helps one to identify whether the low-frequency fluctuations originate from the active layer of LED or the peripheral ones [12] . The simultaneous cross-correlation coefficient is calculated as follows: The optical noise spectra of the investigated samples are presented in Fig. 9(a) . As seen, the group A LEDs are distinguished by stronger optical 1/f α -type fluctuations (up to ~ 5 kHz) than the samples from the groups B-D. The normalized optical noise S Uopt / U 2 opt of the family A LEDs is significantly higher than the noise of the remaining samples at frequencies where 1/f α -type optical fluctuations dominate ( Fig. 9(b) ). Here in Fig. 9 (b) S Uopt /U 2 opt decreases as the forward current increases due to the light power increase. At higher frequencies (above ~5 kHz) the optical noise is 'white' -the spectrum is determined by the photocurrent induced shot noise ( Fig. 9(a) ). Figure 10 shows that the highest cross-correlation coefficient between electrical and optical fluctuations is for group AI LEDs (up to 70%). This indicates a high defectiveness of the active area of LED, which leads to suppose that the earlier observed trap level in the group AI LEDs is also related to the structure of QWs and barrier layers. 
For the families of other samples the cross-correlation coefficient is lower and its maximum value varies in the forward current interval from 2 to 10 mA ( Fig. 10(b) ). At low current values optical 1/f α -type or g-r noise components are too small to correlate effectively with the electrical noise. At higher current values the shot noise level increases drastically in the optical noise spectra and the electrical noise from the peripheral or contact areas of LED also starts to dominate. This explains different forward current values corresponding to the cross-correlation coefficient maxima. For the samples of groups B-D at I > 50 mA the coefficient becomes even slightly negative (down to -8%, Fig. 10(b) ). The negative cross-correlation indicates the forward current redistribution between the active and passive layers of LED [23] due to defects located in the vicinity of the active QW region. Practically, no positive cross-correlation in the series resistance-limited current regime verifies that the detected noise sources responsible for the Lorentzian-type fluctuations are in the peripheral area of LED.
A comparison between the LEDs of group B with or without a g-r component in the noise spectra shows that devices with Lorentzian-type fluctuations in a current interval of 0.5-10 mA have a higher cross-correlation coefficient ( Fig. 10(b) ). There are no dramatic changes in the electrical noise level between these samples in this current regime. However, a stronger correlation between 
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the electrical and optical fluctuations in the B samples with the detected g-r noise component suggests that the part of electrical noise arising in the active layer of LED in this case is higher than in the case of specimens without a g-r noise component. There the total electrical noise can be expressed as S el total = S el corr + S el uncorr , where S el corr represents the part of electrical fluctuations related to the active layer of the LED and S el uncorr is the part of electrical fluctuations arising from the peripheral area of the LED [12] . Thus, the observed Lorentzian-type fluctuations are determined by the presence of an additional defect level in the active In-GaN QW region of some group B LEDs.
Conclusions
Investigation of the low-frequency noise characteristics of high power near UV LEDs has been performed. The tunnelling current component has been detected in some 380 nm peak wavelength LEDs at low bias. Such samples are distinguished by the Lorentzian-type electrical noise spectra in the whole investigated current range and a strong cross-correlation between electrical and optical fluctuations exists. This identifies the location of the trapping level in the active area of this group LEDs and contributes to the tunnelling process through defects.
LEDs of other groups with a peak wavelength of 390, 400 and 410 nm are characterized by the 1/f α -type electrical fluctuations with Lorentziantype noise components appearing only at the series resistance-limited currents. Defect levels with the activation energy in a range of 0.03-0.045 eV have been identified responsible for these g-r fluctuations. No positive cross-correlation between electrical and optical fluctuations in this current regime means that the Lorentzian-type fluctuation source is in the peripheral area of the LED, e.g. in highly doped layers.
Some of 390 nm peak wavelength LEDs are distinguished by an additional Lorentzian-type noise component in a current range of 0.5-10 mA with 0.19 eV activation energy. Such samples have a higher cross-correlation between electrical and optical fluctuations than samples with only 1/f α -type noise spectra. This suggests that the location of the detected g-r noise centre is related to the InGaN QW structure.
